Designers of nano-scale magnonic devices would benefit from methods of their evaluation that do not require one to access the microscopic level of description or to construct device prototypes. Here, we propose a numerical micromagnetics version of such a method, in which magnonic devices are considered as two-port linear networks and can therefore be described in terms of their s-parameters (i.e., reflection and transmission characteristics). In the micromagnetic model, the sample is composed from a magnonic device-under-test situated between input and output magnonic waveguides. First, dispersion relations and amplitudes of spin waves in the input and output waveguides are calculated from the simulations. The results are then compared to derive the s-parameters of the device-under-test. We use a simple rectangular magnetic nonuniformity, for which analytical results are readily obtained, to evaluate the efficiency and limitations of the technique in the sub-terahertz band.
Designers of nano-scale magnonic devices would benefit from methods of their evaluation that do not require one to access the microscopic level of description or to construct device prototypes. Here, we propose a numerical micromagnetics version of such a method, in which magnonic devices are considered as two-port linear networks and can therefore be described in terms of their s-parameters (i.e., reflection and transmission characteristics). In the micromagnetic model, the sample is composed from a magnonic device-under-test situated between input and output magnonic waveguides. First, dispersion relations and amplitudes of spin waves in the input and output waveguides are calculated from the simulations. The results are then compared to derive the s-parameters of the device-under-test. We use a simple rectangular magnetic nonuniformity, for which analytical results are readily obtained, to evaluate the efficiency and limitations of the technique in the sub-terahertz band. Nano-scale magnonic devices open an intriguing path toward analog signal processing in the sub-terahertz frequency band. [1] [2] [3] In particular, the use of propagating spin waves 4, 5 offers direct processing, in which no frequency conversion is required prior to the signal manipulation, thereby reducing processing time and facilitating real-time devices. This is in addition to the long known opportunity to combine the signal processing with the re-configurability and data storage functionality within the same chip. As the number of concepts and modifications of magnonic devices continues to rapidly grow, 1,2,6-11 there also grows the demand for methods of performance evaluation without building prototypes or developing theoretical models at the microscopic level of description.
Here, we propose a numerical micromagnetics version of such a method, in which magnonic devices are considered as two-port linear networks and can therefore be described in terms of their s-parameters (i.e., reflection and transmission characteristics). The magnonic "device-under-test" is situated between input and output magnonic waveguides. The dispersion relations and amplitudes of spin waves in the input and output are calculated from micromagnetic simulations using the methodology described, e.g., in Refs. 12 and 13. The results are then used to derive the reflection and transmission characteristics (coefficients) of the evaluated device as a function of the spin wave frequency. The calculations in this paper have been performed using the Object Oriented Micromagnetic Framework (OOMMF).
14 However, any of the existing micromagnetic packages (e.g., see Refs. [15] [16] [17] [18] could also be used for this purpose, at least in principle, provided that the required data analysis software is developed.
The geometry of the micromagnetic problem is shown in Fig. 1 . The sample has a total length of 10.5 lm, a width of 100 nm, and a thickness of 10 nm. Its inner part consists of the 2.5 lm long "input" and "output" waveguides (marked as I and III, respectively) and the 100 nm long "device-under-test" (marked as II). The input and output waveguides are made of Permalloy 19 and the device-undertest is represented by a uniform cobalt layer. 20 The Gilbert damping constant a is set to 0.001 in the three layers. The outer layers (marked as "D") have the same magnetic parameters as the input and output waveguides, except the damping constants. The latter are now set to 0.1 in order to absorb spin waves reaching the layers and thereby to suppress backreflection from the layers and hence also from the ends of the sample. No anisotropy other than that naturally resulting from the magneto-dipole energy is included in the calculation.
First, the ground state is obtained by relaxation from a perfect saturated state along the length of the sample to the state at the bias field H b of 1 kOe applied in the same direction. Then, the sample is excited by applying a highly localized transient magnetic field with temporal profile
at the boundary between the left damped layer and the input waveguide (I). The transient field is perpendicular to the plane of the sample and has amplitude of h 0 ¼ 50 Oe. Ideally, the field defined by temporal profile (1) should lead to excitation of propagating spin waves of nearly equal amplitude at frequencies up to the cut-off value of f l ¼ 4 THz, which is not the case in practice due to the limited duration of the simulation. In order to partly suppress the corresponding distortion of the excitation spectrum, the center of the transient field is delayed relative to the start of the simulation by time t 0 equal to 10 periods of the "sinc" function. Each simulation is run for 8 ns and the data are recorded every dt ¼ 120 fs. The corresponding frequency bandwidth f lim of the simulations is equal to f lim ¼ 0.5/dt ¼ 4.17 THz. So, condition f l < f lim necessary to prevent aliasing is satisfied. The cell size of the rectangular mesh is equal s x Â s y Â s z ¼ 1 Â 100 Â 10 nm . Prior to the Fourier analysis, the static magnetization profile is subtracted from the dynamical data, in order to extract the pure dynamic component of the magnetization m(r,t). The method described below is then applied to the z-component of the dynamic magnetization m z (r,t).
The implemented here method of the s-parameter extraction is based on the method of the magnonic dispersion calculation described in Refs. 12 and 13. The main idea is to make use of information about spin wave amplitudes m(k,f) that is obtained as a result of the calculation of spin waves dispersion f(k). By applying this method separately to the input and output waveguides, one can calculate the complex Fourier amplitudes of the input and output signals and then complex transmission and reflection coefficients as their ratios.
The results of the time domain simulations are obtained as a 2D array of data m z (x i ,t j ), where i and j are integer indices of the mesh cells and time steps respectively. By performing a 2D Fourier transform of the data, spin wave amplitudes m(k i ,f j ) are calculated as a function of discrete valued wave vector k i and frequency f j . First, we find the dispersion in the form of a continuously valued frequency defined on the discrete mesh of the wave number, f i ¼ f(k i ). We assume that dispersion f(k) of spin waves is equivalent for the forward (k > 0) and backward (k < 0) propagating spin waves, i.e., f(k) ¼ f(Àk). 21 For each |i|, we use cubic interpolation to find frequencies f i ¼ f(k i ) as points at which functions m(k i ,f) þ m(k -i ,f) of continuously valued frequency f reach their local maxima. 22 Then, we extract the amplitudes of the backward and forward propagating spin waves separately from the k < 0 and k > 0 branches of the dispersion respectively using bilinear interpolation of m(k i ,f j ) to m i (k i ,f i ), with the latter now being a discrete 1D set of data. The interpolation algorithm is adjusted so that the discretization of the frequency rather than wave vector remains equidistant. This allows us to use the same frequency mesh to compare amplitudes of spin waves extracted from different simulations. This is preferred since we are interested in the frequency (rather than wave number) dependence of the s-parameters.
Due to effects connected with the finite damping and group velocity of spin waves in the input and output waveguides, two different simulations have to be performed. First, we perform a reference simulation for a sample like the tested one but in which the device-under-test is replaced by a uniform layer with the properties, width and thickness of the input and output waveguides and the length of the deviceunder-test. Reference amplitudes m 
where T(f) and R(f) are the transmission and reflection coefficients respectively. The damped regions must be excluded from the analysis. For each particular problem (i.e., magnonic device tested), the length of the input and output waveguides has to be optimized so as to obtain the required spectral resolution of the subsequent Fourier analyses and to allow spin waves with the smallest group velocities to reach the device-under-test well within the simulation time.
We apply the method to calculation of the reflection and transmission characteristics of a device-under-test represented by a uniform inclusion of Co. Figure 1 shows the dispersion of spin waves calculated for the reference sample (excluding damped regions) and then "digitized" using the described method in dipole-exchange, dipole (magnetostatic) and exchange approximations. The exchange and dipoleexchange approximations produce very similar results at frequencies above about 100 GHz, while the dipole and dipole-exchange curves agree only in close vicinity of the uniform ferromagnetic resonance frequency, i.e., at wave numbers up to about 6p Â 10 4 m À1 . In the exchange approximation, the dispersion can also be easily calculated analytically, facilitating verification of the method. The comparison appears to show an excellent agreement between the theory and simulations at frequencies up to about 0.5 THz. At higher frequencies, the simulated dispersion curve has a downward curvature as a result of the discrete nature of the numerically solved problem. Indeed, the highest frequency and wave number accessible in the simulations correspond to the edge of the Brillouin zone of the spectrum of the 1D chain of spins with a period equal to the cell size. Hence, the frequency range of agreement between the theory and simulations can be expanded by reducing the cell size. Figure 2 shows the squared amplitudes of the reflection and transmission coefficients simulated and analytically calculated in the exchange approximation. The curves are characterized by a quasiperiodic alteration of regions of high and low transmission and reflection. The alteration originates from the Fabry-Perot resonance of spin waves in the cavity represented by the Co layer, with the frequency of alteration determined by its thickness. The predictions of the simulations and analytical theory for positions of the minima and maxima of reflection and transmission agree at frequencies < 200 GHz, while slowly "dephasing" at higher frequencies and then coming into phase again at frequencies about 1 THz. The dephasing originates from the difference between simulated and analytical dispersion curves illustrated in the bottom inset of Fig. 1 . The amplitude of variation of the simulated transmission coefficient agrees well with the analytical theory, while the simulations tend to underestimate the variation in the reflection coefficient.
The latter discrepancy could be attributed to the effect of (small but finite) damping in the simulations and then to accumulation of spin wave energy in and in the vicinity of the Co layer, which is expected to lead to appearance of localized "defect" modes. 23 The localized spin waves gain their energy from the incident spin wave and hence might lead to the observed discrepancy.
The frequency dependences of the reflection and transmission coefficients calculated in the dipole-exchange and exchange approximations (not shown) agree well at frequencies above about 200 GHz, as expected from the similarity of the corresponding dispersion curves in the frequency range, as shown in Fig. 1 . This demonstrates the applicability of the exchange approximation at the high frequencies, and allows one to exploit the analogy existing between the exchange spin waves and the motion of an electron in a nonuniform potential, pointed out and exploited, e.g., in Refs. 23-25. In summary, we have proposed a micromagnetic method by which to evaluate performance of magnonic (spin wave) devices. We have applied the method to a simple rectangular magnetic nonuniformity and have successfully calculated its reflection and transmission coefficients. The technique is very efficient in the sub-terahertz band, albeit faces some difficulties in the low gigahertz band associated with the low group velocity of spin waves. We have shown that the exchange approximation is well suited for description of propagating spin waves at THz frequencies. However, the accuracy of the approximation in a particular problem depends upon the relative value of the spin wave wavelength and the characteristic scale of the nonuniformities in the problem. At THz frequencies, the dispersion obtained from the simulations deviates from that calculated using the continuous medium approximation. This deviation not only emphasizes the discrete nature of the micromagnetic simulations, but also suggests that micromagnetic solvers based on truly atomistic models are required and might well be feasible computationally in future.
